Wet detention ponds are the best management systems for the control of urban stormwater. The objective of this study is to develop optimum pollution control performance of wet detention ponds using an analytical probabilistic model (APM) and particle swarm optimization (PSO). An urban catchment, in a tropical region, was selected as a case study and APM parameters were developed using long-term rainfall data. Firstly, the active storage was kept constant while the permanent pool was varied and PSO simulations conducted. Secondly, PSO simulations were conducted, keeping the permanent pool constant and varying the active storage. The pollution control increased with increasing detention time, reached a peak value and thereafter declined. However, the pollution control was more sensitive to permanent pool than active storage as higher pollution control is attained at a shorter time using the former. The PSO captures the optimum detention time and the corresponding peak pollution control performance by five iterations and the computational time required for the PSO is much shorter than the APM which has to be exhaustively enumerated. The optimum detention time in tropical climates is found to be shorter than temperate regions and recommendations given in existing literature cannot be applied to tropical regions.
INTRODUCTION
Urban runoff resulting from stormwater is the second major flow of concern to drainage engineers, and the second largest source of impairment to lakes and estuaries, eclipsed only by runoff from agricultural sources as the most important source of water pollution (NRDC ). Urban stormwater runoff gathers a variety of pollutants as it passes over roads, roof-tops, and parking lots in domestic, commercial and industrial areas causing deterioration in streamwater quality. Safe and efficient removal of stormwater is particularly important in maintaining public health and safety and to protect the receiving water environment. Stormwater consists of that portion of rainfall that runs off from urban surfaces, and hence its properties, in terms of quantity and quality, are inherently linked to the nature of the rainfall, as well as the catchment characteristics (Butler & Davies ) . As stormwater runoff passes through a properly designed pond, it is detained and sus- (Adams & Papa ; Chen & Adams ) . Although there is a great deal of literature on the design optimization of detention ponds, most of the studies were carried out in temperate regions (Papa et al. ; Adams & Papa ) .
Therefore, similar studies need to be extended to cover tropical regions due to the marked difference in meteorological characteristics which affects the rainfall pattern, thus playing an important role in the estimation of the optimum detention time that gives highest pollution control performances at the detention facilities. Thus, the range of optimum detention time that yields the highest pollution control in wet ponds, designed for temperate regions, may not apply to tropical regions, due to the frequent rainfall experienced in the regions.
Many articles on optimization in detention pond design exist. Rao () develop an optimization framework that can be used to find the least-cost optimal placement and design of stormwater basins at a watershed scale. Travis & Mays () applied discrete dynamic programming for the optimization of sizing and location of a network of flood control retention basins within a watershed. The method determines the ideal pond location while satisfying constraints such as infiltration, basin geometry, stormwater volume, water quality, construction and land costs. This method was found to produce significant cost savings over traditional methods.
Many different techniques are used in operations research discipline and swarm intelligence techniques have been found to give promising results in the optimization of various systems (Rao ) . Particle swarm optimization (PSO) is a stochastic optimization algorithm based on social simulation models. It is a swarm intelligence algorithm developed by Kennedy & Eberhart () , simulating the choreographed motion of schools of fish, flocks of birds and herds of animals while attempting to find a rich source of food and avoid predators. The algorithm employs a population of search points that moves stochastically in a multi-dimensional search space. If a particle finds a best position, that position is retained in its memory. Its experience is communicated to the whole population, biasing its movement towards the most promising regions 
METHODS

Rainfall data collection and analysis
Long-term hourly rainfall data were collected from a raingauge station (Station ID 3116006) located about 3 km from the case study catchment in Kuala Lumpur. In various studies a number of different criteria for choosing the minimum storm separation time were used (Dunkerley ) . In this study we discretized data into individual events using a storm separation time of 6 hr as in similar studies (Guo & Urbonas ; Guo ). Rainfall characteristics of average rainfall depth (v), average rainfall duration (t), average rainfall intensity (i) and average storm separation time (b) were derived from the long term rainfall statistics. In order to apply the APM; the rainfall characteristics must fit an exponential distribution (Adams & Papa ) and therefore, a goodness-of-fit test was conducted and the exponential distribution was found to fit the data. The APM parameters include: inverse of average duration of rainfall event λ (hr À1 ), inverse of average depth of rainfall event ζ (mm À1 ), inverse of average inter-event time ψ (hr À1 ) and average annual number of rainfall events (θ). The parameters were derived from the rainfall characteristics. These parameters, along with catchment characteristics, were used to determine the pollution control performances. Table 1 Table 2 gives the physiographic characteristics of the catchment.
Determination of pollution control performance
Equations (1)-(7) describe the steps involved in the determination of pollution control performance of wet ponds. In its condensed form, the pollution control performance is given by Equation (1) (Adams & Papa ): where the analytical expressions for the various terms used in the Equation (1) are presented in Equations (2)-(7) below. In Equation (1); E q is the overall fractional TSS removal efficiency in the permanent pool under quiescent settling, E d is the overrall fractional TSS removal efficiency in active storage under dynamic settling, S p is the permanent pool volume, P u and P 0 u are the average annual volume of runoff spilled from the permanent and active storage, respectively, R is the average annual volume of runoff entering the pond, and φ is the runoff coefficient of the catchment. The quiescent and dynamic settling efficiencies (E q and E d ) are given by Equations (2) and (3), respectively (Adams & Papa ):
where F i is the fraction of total mass contained in the ith size fraction of the stormwater particles, V si is the average settling velocity of typical stormwater particles (m/h), n is the pond settling performance factor, where a value of n ¼ 3 (i.e. good performance is assigned) (Adams & Papa ) and h A is the depth of active storage (m), h p is the depth of permanent pool (m), S A (mm) and Ω mm/hr ð Þ are pond parameters of active storage and outlet capacity, respectively.
The average annual volume of runoff entering the pond (R) is given by Equation (4):
where θ is the average annual number of rainfall events, and φ and S d are runoff coefficient and depression storage of the catchment, respectively.
P u and P 0 u are given by Equations (5) and (6), respectively (Adams & Papa ):
where S p is the permanent pool volume and G p (0) is the probability per rainfall event of any spill occurring from the detention pond. The probability per rainfall event of any spill occurring is given by Equation (7) 
The detention time can be calculated by considering the two extremes, under which the pond operates (Papa et al.
)
. Firstly, when the rate of pond's inflow is less than or equal to the rate of pond's outflow, the pond is empty and detention time is zero. Secondly, when the rate of inflow is greater than the rate of outflow and the pond is full, the detention time is equal to S A /Ω, where S A is the active storage capacity of the pond and Ω is the pond outflow rate.
The average steady state detention time can be obtained as the average of these two conditions given by Equation (8) (Papa et al. ):
where t d is the detention time and t dd is the drawdown time.
Posing the optimization problem and selecting the algorithm to solve it
The objective function for the single-objective optimization is a maximization of Equation (1), herein formulated as follows:
where S A , S p and Ω are decision variables that must be combined in a certain fixed ratio in order to yield the peak pollution control. Note that the variables have already appeared in Equations (2)-(7) and these equations are simply the analytical expressions of the various terms used in Equation (9). The detention time relates the decision variables S A and Ω as already shown in Equation (8).
PSO algorithm was selected for the optimization of detention time in wet detention ponds which corresponds to the peak pollution control (C p ). In PSO algorithm, each particle represents the pollution control performance. Figure 2 shows the general flowchart of PSO.
The steps in the above PSO flow can be mathematically represented as follows:
1. Initialization of swarm position and velocity: The PSO simulation was started with swarm distributed in the design space. The initial swarm position and velocity are given by Equations (10) and (11), respectively.
where x i 0 and v i 0 are the initial swarm position and initial velocity. (x max -x min ) is the range of the design space for the decision variable (x), rand is a random number uniformly distributed in [0, 1] and Δt is the time increment.
Evaluation of position of swarm and quality: A velocity
vector v i kþ1 Δt À Á was added to the swarm and the new swarm position x i kþ1 À Á evaluated, Equation (12):
3. Updating the global best: The global best was updated with respect to the objective function.
4. Updating the personal best: The personal best was updated with respect to the objective function.
Velocity update:
The velocity of swarm is updated with reference to its best previously visited position (x Ã i ) as well as with the position of the global best (g*). Some random component (rand), inertia (w) and correction factors (c 1 and c 2 ) were added to the swarm at this point, Equation (13):
The Thus, the fitness values from the PSO simulation were 39.5, 51.0, 60.2 and 67.6%, which are in good agreement with the peak pollution control given by the APM values in Figure 4 .
RESULTS AND DISCUSSION
Referring to Figure 4 , the optimum detention times corresponding to the peak pollution control was 4 hr in each case. If the optimum detention time is known; the detention pond's outlet can be designed appropriately as the ratio of pond's storage capacity to the detention time.
In the second case, the sensitivity of pollution control performance to active storage was investigated using the same procedure as in the first case. But in this case, the permanent pool was kept constant while varying the active storage volume and Figure 6 shows the result. It should be noted that, at a very low detention, unlike the previous case, the pollution control performance curves started from a common point and increased to reach their maximum value after which they declined. Comparing Figure 6 with Figure 4 also shows the pollution control is more sensitive to permanent pool than active storage. In Figure 4 , highest pollution control is attained in relatively shorter Firstly, the APM parameters ζ, ψ and θ were kept constant while varying λ (Figure 8(a) ). Secondly, ζ was varied and the remaining parameters λ, ψ and θ were kept constant ( Figure 8(b) ). Thirdly, the parameters λ, ζ and θ were kept constant while varying ψ (Figure 8(c) ). Finally λ, ζ and ψ were maintained constant and θ was varied (Figure 8(d) ).
In the first case, it was observed that the pollution control performance increased with a decrease in λ parameter but the optimum detention time corresponding to peak pollution control remains constant (Figure 8(a) ). In the second case, both the optimum detention and the corresponding peak pollution control are affected by the ζ parameter. The optimum detention time and the corresponding peak pollution control performance increased with an increase in ζ parameter (Figure 8(b) ). In the third case, it was observed that the pollution control performance increased with a decrease in ψ parameter, but the optimum detention time corresponding to the peak pollution control decrease with an increase in the ψ parameter (Figure 8(c) ). Lastly, both the optimum detention time and the corresponding peak pollution control performance were found to be insensitive to the θ parameter (Figure 8(d) ).
Finally, results from this work indicate that, given a combination of active and permanent pool in wet detention ponds, the peak pollution control performance occurs at a 
CONCLUSIONS
In this paper, a PSO algorithm for the optimization of detention time in wet detention ponds that gives highest pollution control performance for tropical urban catchments has been developed. The pollution control performance was investigated by varying the permanent and active storage volumes. In the first case, the pollution control curves begin at a finite value and increased with increasing detention time reaching their peak value and then declined. In the second case, the pollution control performance started from a common point and increased to reach maximum values after which the performance declined. In both cases, results from the PSO and APM were compared and the PSO gave peak pollution control performance in a relatively shorter time period compared with the APM. The PSO was able to capture the peak pollution control performance in just a few seconds compared with the APM which needs to be exhaustively enumerated in order to obtain the peak value. It was also shown that the pollution control is more sensitive to increases in permanent pool than active storage. Highest pollution control is attained in relatively shorter detention time when the permanent pool is increased relative to the active storage. Result also shows that rainfall characteristics of the area play an important role in the determination of the optimum detention time. To design detention facilities for optimum benefits, points of highest pollution control should be targeted in the design, as well as the other conditions that may also need to be met.
